The influence of temperature on the corrosion behavior of X80 steel in an acidic soil environment was determined using electrochemical and surface analysis methods. The results revealed that the corrosion rate of X80 steel increased with increasing soil temperature from 25 °C to 75 °C, and the corrosion rate of X80 steel at 75 °C was 19 times higher than that at 25 °C. The charge transfer resistance decreased with increasing soil temperature, and the control step for corrosion was the activation polarization process. The kinetics of the corrosion process complied with the Arrhenius law, and the activation energy Ea was 50.7 kJ·mol −1 . In addition, the compositions of corrosion products consisted of Fe2O3, Fe3O4, SiO2 and Al2O3.
INTRODUCTION
Soil as a corrosive medium generally has a greater complexity than other environments [1] . Compared with general corrosion media, a soil medium has many distinct characteristics, such as diversity, immobility, nonuniformity, seasonality and regionality. Many factors affect soil corrosiveness, including soil type, soil temperature, moisture content, resistivity, pH, dissolved ions and oxygen, redox potential, chemical species and quantity of microorganisms in soil [2] [3] [4] [5] [6] [7] [8] [9] . The change in soil temperature due to changing seasons and the temperature variance due to oil and gas being transported in a pipeline affect the corrosion of metals in the soil. As a result, temperature is an important factor in the evaluation of soil corrosivity, which can modify the interactions between the metal and the soil conditions.
The corrosion of underground structures has resulted in a high degree of environmental, human and economic consequences all around the world [10] . Therefore, it is urgent to study the corrosion behavior of buried metallic structures. However, in the past few years, little research has been conducted on the influence of temperature on the corrosion of buried metallic structures. Most studies related to the temperature influence on buried metallic structures are focused on the inside temperature of the structure but not the outside temperature of the surrounding soil. Some researchers have investigated the temperature dependence of metal corrosion in aqueous solutions [11] [12] [13] , but not in real soil. X80 steel has the advantages of a low cost and high strength and toughness along with having broad application potential in gas pipeline construction [14, 15] .
The soil samples used in the study represent a typical acidic soil. Literature surveys reveal that owing to some unique properties of the acidic soil, including low pH value, high soil resistivity and high soil moisture, the acidic soil is highly corrosive, which is different from alkaline and neutral soils [16, 17] .
In this study, the influence of temperature on the corrosion behavior of X80 steel in an acidic soil environment was investigated. The purpose of this study is to provide insight into the outside temperature influence on the corrosion of buried metallic structures.
EXPERIMENTAL

Materials
Working electrodes were made with X80 steel with the following composition (wt%): C-0.043, Si-0.190, Mn-1.692, P-0.010, S-0.003, Mo-0.102, Ni-0.229, Cr-0.027, Cu-0.141, and Fe-balance. X80 steel was embedded in an epoxy resin, leaving a surface area of 1 cm 2 . The specimens were polished with emery papers from 400-1000 grade and then cleaned with ethanol. The electrodes were dried and kept in a desiccator.
Soil samples
Soil samples were taken from Zunyi (27°42′ N, 106°55′ E), China. The soil type was a typical acidic and yellow soil. Table 1 shows the compositions and pH values of the soil samples. Soil samples were dried at 105 °C for approximately 10 h. Then, the samples were ground up and sieved. Soil samples were mixed with de-ionized water to achieve a moisture content of 28% and stored for use. The test temperatures of soil were controlled at 25, 35, 45, 55, 65 and 75 °C using a water bath. 
Electrochemical tests
Electrochemical tests were conducted using a PARSTAT 2273 system. A three-electrode scheme was used: the working electrode was made of X80 steel, while graphite and Cu-CuSO4 were employed as the auxiliary and reference electrodes, respectively. Electrochemical impedance spectroscopy (EIS) tests were performed at the open circuit potential (OCP). EIS spectra were recorded in a frequency range between 10 4 and 0.005 Hz. The polarization curves were scanned by polarizing the samples ±150 mV versus OCP with a scanting rate of 0.166 mV/s. To examine the reproducibility, each test was repeated three times. The polarization curves of X80 steel after burying for 24 h at the temperature range 25 ℃ to 75 ℃ are shown in Fig. 1 . The shapes of the polarization curves are similar, suggesting the same corrosion process. The passivating regions are not observed in the anodic polarization curves at all temperatures, as shown in Fig. 1 , which indicates that the steel corrosion is controlled by the activating reaction. Table 2 shows that the anodic and cathodic Tafel slopes increase with increasing temperature, and at the same temperature, the increasing rate of the βc slope is much faster than that of the βa slope. The above results show that the temperature influences not only the anodic reaction but also the cathodic reaction, and the effect of the temperature on the cathodic reaction is more severe. Table 2 also shows that with increasing temperature from 25 to 75 °C, the icorr value increases from 5.48 to 107.20 μA/cm 2 . The increase in the corrosion current density indicates that the corrosion rate (CR) of X80 steel increases with increasing soil temperature because the corrosion rate has a positive relationship with the corrosion current density. The CR of X80 steel at 75 °C is 19 times higher than that at 25 °C. With increasing temperature, the diffusion rate of ferrous ions toward bulk soil increases, and the ferrous concentration on the soil/steel interface decreases, which lead to an increase in the dissolution rate of irons. At the same time, the diffusion rate of oxygen toward the interface also increases with increasing temperature, which enhances the cathodic reduction of the oxygen. The two reasons mentioned above both accelerate the corrosion of X80 steel in an acidic soil. 
RESULTS AND DISCUSSION
Potentiodynamic polarization measurement
where Ea is the activation energy, icorr the corrosion current density, A the pre-exponential constant, T the soil temperature in absolute and R the universal gas constant. Fig.2 illustrates the Arrhenius plot obtained from corrosion current density relationship with temperature. Ea was obtained from the slope of Arrhenius graph given in Fig.2 and was calculated to be Ea = 50.7 kJ·mol −1 (Correlation coefficient r 2 =0.985). As Ea of corrosion reaction was greater than 20 kJ·mol −1 , the whole corrosion process was surface-reaction controlled [22] . Fig. 3 shows the electrochemical impedance spectra (EIS) of X80 steel after burying for 24 h at the temperature range 25 ℃ to 75 ℃. From the Nyquist diagram of Fig. 3a , it can be seen that the electrochemical impedance spectra of X80 steel have one time constant. The Nyquist plots are not standard semicircles, which can be attributed to the frequency dispersion [23] [24] [25] [26] . The radius of the capacitive arc decreases gradually with increasing soil temperature.
Electrochemical impedance spectra measurement
The Bode diagrams in Fig. 3b present the changes in the impedance spectrum modulus |Z|. The magnitudes of the horizontal section modulus in the low frequency region reflect the change in the polarization resistance. It can be found that with increasing soil temperature, the modulus of the impedance spectrum in the low frequency region decreases, indicating that the reaction resistance of X80 steel decreases.
The Bode diagrams in Fig. 3c reflect the changes in the phase angle with frequency. It can be observed that the phase angle maximum decreases and the frequency corresponding to the maximum phase angle shifts to the higher frequency region with an increase in temperature. Within the temperature range studied, the EIS of X80 steel did not show the Warburg impedance characteristic being controlled by the diffusion process, revealing that the oxygen diffusion from soil to the X80 steel surface and the corrosion products are not enough to hinder the mass transfer process of the corrosion reaction and becomes the control step of corrosion.
The equivalent circuit of the EIS is given in Fig. 4 . Impedance for the circuit of Fig. 4 can be expressed by the following Eq. (2).
where Rs is a representative of soil resistance, Rt refers to the charge transfer resistance of X80 steel and Qdl represented constant phase element (CPE) associated with the dispersion of a capacitance [17, 27] . The impedance of Qdl is written as
where ω is angular frequency, n and Y0
are the CPE parameters [28] [29] [30] . The plots are fitted using ZSimpWin software, and the results are shown in Table 3 . From Table  3 , we can observe that the Rt values decrease with increasing soil temperature. Rt is a physical quantity that is inversely proportional to the CR; the lower the Rt, the higher the CR. With the increase of soil temperature, the Rt values of X80 steel decreased, implying that soil with a high temperature is linked to a high CR. The results coincide well with those of the polarizing curve investigations. 5 presents SEM images of X80 steel in the soil at different temperatures after it was buried for 240 h. It is evident that the surface of X80 steel at 25 °C displays a homogeneously corroded area, as shown in Fig. 5a . With increasing temperature, the corrosion products become loose and heterogeneous on the surface of the steel. The surface roughness of X80 steel increases with increasing soil temperature. The variation in the corrosion product layer on the steel surface further enhances the corrosion of X80 steel, which also verifies the results of the electrochemical measurements. Wang et al. [31] and Suganya et al. [32] have also reported that the corrosion rates of steel increase with increasing surface roughness. To further investigate the compositions of the corrosion products, the products were analyzed by X-ray diffraction (XRD), as shown in Fig. 6 . Clearly, the corrosion products consisted of Fe2O3, Fe3O4 and some soil components such as SiO2 and Al2O3.
CONCLUSIONS
(1) The icorr of X80 steel in an acidic soil increased from 5.48 to 107.20 μA/cm 2 with increasing soil temperature from 25 °C to 75 °C, and the CR at 75 °C was 19 times higher than that at 25 °C.
(2) The Rt decreased with increasing soil temperature, and the control step for corrosion was the activation of the polarization process.
(3) The compositions of corrosion products consisted of Fe2O3, Fe3O4 and some soil components such as SiO2 and Al2O3.
(4) The kinetics of the corrosion process complied with Arrhenius law, and the Ea determined using the Arrhenius plot was 50.7 kJ·mol −1 , indicating the corrosion process was under surface-reaction control.
